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Wood Energy crops agricultural wastes other wastes
2001 2025 2040 2025 2040
conservative estimate optimistic estimate
pop. ~7.5 Mio. (2005)
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indirectly heated steam gasification
directly heated oxygen gasification
Wood humidity [10−30%, 20%]
Temperature [800(850)−900(850)°C, 850(900)°C]
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p = 5 bar (tr2=0)
 to 0.1 bar (tr2=1)
profile from
experimental cycle data
i 0 1 2 3 4
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Inlet composition:      60/40 % CH4/CO2
Retentate pressure: 30 bar
Permeate pressure::   1 bar
Selectivity αCO2,CH4:         21.15 
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stage 2 stage 3stage 1stage E1
to combustion to combustion
CO2-rich, to CCS
(direct or via O2-combustion)
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best solutions with respect to:
 ε energy efficiency of separation
 CP raw SNG separation cost
 ε overall energy efficiency
 CP SNG production cost
sep
sep
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3+1 stage, direct capture
best solution without capture




















3+1 stage, direct capture
best solution without capture


































3+1 stage, direct capture



























full symbols: 180 EUR/MWhel
transparent s.: 40 EUR/MWhel
2+1 stage, O2−combustion
3+1 stage, O2−combustion
3+1 stage, direct capture
best solutions:
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total gross recovery  1440 kW
HP1 (68 to 107°C)
HP2 (91 to 128°C)
power cycle
cycle
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+ hot gas cleaning
air drying
air drying, gas turbine
steam drying, gas turbine
+ hot gas cleaning
air drying
+ hot gas cleaning
FICFB CFB-O2pressurised FICFB
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+ hot gas cleaning
air drying
air drying, gas turbine
steam drying, gas turbine
+ hot gas cleaning
air drying
+ hot gas cleaning
FICFB CFB-O2pressurised FICFB









































 - dito, with torrefaction
PSA, steam drying
Membranes, air drying




Crossing of Pareto fronts
for air and steam drying
introduction of
a simple steam Rankine cycle




























due to limited cogeneration
translation from
air to steam drying
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+ integrated gas turbine
+ steam drying
+ hot gas cleaning
FICFB gasification:
pressurisation
pressurisation, gas turbine integration,
steam drying
& hot gas cleaning
hot gas cleaning  &  steam drying
air drying
+ hot gas cleaning
steam drying & hot gas cleaning
Physical absorption 
   before methanation
   after methanation
Membrane separation
CFB-O2 gasification

























pressurisation, gas turbine integration,
steam drying
& hot gas cleaning
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downstream downstream downstreamupstream upstream
FICFB, atm. press. FICFB, pressurisedCFB-O2, pressurised
with
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all with air drying
FICFB gasification
CFB-O2 gasification
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b = 0.64, R2 = 0.96 (0.99)
b = 0.92, R2 = 0.61 (0.98)
b = 0.83, R2 = 0.83 (0.87)
b = 0.73, R2 = 0.98 (0.98)
b = 0.60,
R2 = 0.99 (0.99)





both with steam drying
R2 in parenthesis are for 
regressions in which all 
points of a Pareto-front 
are allowed for different 
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wood price CH-market (2008)

































wood price CH-market (2008)
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all with steam drying
FICFB gasification:




































all with steam drying
FICFB gasification:
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all with steam drying
FICFB gasification:




































all with steam drying
FICFB gasification:
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Q- (800-150°C) Q- (>400°C)































production: 86.8 bar, 549°C




































































production: 97.8 bar, 531°C
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wood price CH-market (2008)


































wood price CH-market (2008)
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all with steam drying
































all with steam drying
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all with steam drying




Plant scale: 5 MWth,biomass
20 MWth,biomass
100 MWth,biomass





























all with steam drying
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production: 115 bar, 546°C

























































production: 116 bar, 509°C
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biomass → (hemi−)cellulose + lignin
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1− r˜lignin + ligH
celO =
bmO − ligO
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of the hydrolysis model
hydrogen-rich feasibility limit
of the hydrolysis model
wood
phenol (13)
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+ acetaldehyde + methanol
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Molar fraction of CO2 in liquid phase (cCO2) [%mol]~ l


















































feed:    8%mol CH4
      8%mol CO2
 84%mol H2O
dashed lines: 200 bar
solid lines: 300 bar
required pump power
(at εpump, isentropic = 80%):
 - 29 kW/kgwater at 200 bar
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Hydrolysis & salt separation
Reheat & expansion to:
 873K, 70 bar
 773K, 70 bar
 673K, 70 bar
High pressure flash,
liq. evap., reheat & expansion to:
 873K, 1 bar








































Reheat & expansion to:
 873K, 70 bar
 773K, 70 bar
 673K, 70 bar
High pressure flash,
liq. evap., reheat & expansion to:
 873K, 1 bar
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Asel 1 1     1     
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 1 1 1 
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yfuel 1 1     1  
rf1,H2O 1 1       1  
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= ΔηNGCC = 55%
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effect of power recovery              






= ΔηNGCC = 55%
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effect of power recovery from vapour
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MER (process): 94 kW/MWbiomass
steam superheating above process pinch
configuration (2): 
 LV separation: flash drum at 335 bar






















bulk vapour before expansion
expansion turbine outlet temperature
moderate steam
superheating above process pinch
MER (process & internal power recovery): 358 kW/MWbiomass
configuration (3m):
 flash drum, selexol absorption
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 #	 ptot       
T ss,max     	  
ΔT ss,int.   
   
T ss,out  	 	    	
ΔT ss,bottom       
ΔT ss,top  	 	   	
T g,in  	 	  	  	
 	

T g,out  		 		 	 		 	
php,sep         1
Ns,H2O 1   1 1 1
c˜CH4,hp,out = 1 	 1 1 1
rCH4,sel = 1 1    

Asel 1 1 1  
   
  
c˜CH4,sel,out = 1 1 1 	 	
ymemb. 1 1  1  
ylprec 1          
ps,p   	  
 	 
T s,s       
T s,u   	        
yfuel 1 1 1 1 1 1
!-		 SNG =     
el =  
    	
 = 		 	
 	  
η =   
 
 
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T ss,max    		 	 	 	
ΔT ss,int.        
T ss,out  	 	 	 	 	
ΔT ss,bottom      
ΔT ss,top        	 	 







T g,out  		 		 		 		 		
php,sep       	 	
 1
Ns,H2O 1   1 1 1
c˜CH4,hp,out = 1   1 1 1
rCH4,sel = 1 1    
Asel 1 1 1  	    

c˜CH4,sel,out = 1 1 1   
ymemb. 1 1   1    
ylprec 1          
ps,p  		 		 	 	  

T s,s    	  	
T s,u   	  
     	  
yfuel 1 1 1 1 1 1
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T ss,out  	  	  

ΔT ss,bottom 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 	
 	 	 	
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php,sep         1
Ns,H2O 1   1 1 1
c˜CH4,hp,out = 1   1 1 1
rCH4,sel = 1 1    
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ylprec 1          
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T s,s 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T s,u 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yfuel 1 1 1 1 1 1
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= ΔηNGCC = 55%
.
. (          )ΔE-Δh0 ΔmSNG = ΔεNGCC = 57%. .
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.
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dried (& opt. torrefied)
wood
steam generation















 ": $  
  








   

 	 	







  (+ 2%<
























































	 >	 4 	 3
	@ 4 	  
 	  	
 
 
	 	#	  		 	
  











(phys. absorption or PSA)
to methane
synthesis


























H2-rich recycling stream from
polysulfone membrane
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producer gas from water-gas shift




























producer gas from water-gas shift

























stage 2 stage 3stage 1stage E1
to combustion to combustion
CO2-rich, to CCS
(direct or via O2-combustion)
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5 MW, downscaled from 20 MW
100 MW, upscaled from 20 MW





























5 MW, downscaled from 20 MW
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4 kgwater/kgfeed (incl. H2O)
feed:    8%mol CH4
      8%mol CO2
 84%mol H2O
dashed lines: no CO2-CH4 interaction
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